Electrosurgical knife is the most common invasive surgical instrument in a cutting and hemostasis process, which easily leads the overheated tissues to pyrolysis, eschar and adhesion on the knife surface. In order to minimize the adhesion of the overheated tissues, we investigated and fabricated the surface micro-structures on the blade by fiber laser inspired by shark's skin. The wettability of the blade surfaces with different bionic shark skins were measured by the contact angles, revealing the surface wettability effect. Frictional coefficients between the blade surfaces with different bionic shark skins and pork liver tissues are respectively measured by friction test machine. After cutting the pork liver, the adhesive tissue mass on the electrosurgical knives are weighed to study the antiadhesion. The relationship between adhesive mass, wettability and frictional coefficients on the bionic shark skins are analyzed in the orthogonal experimental method. The experimental results show that the bionic shark skin on the blades can effectively reduce the adhesive tissues.
Introduction
Electrosurgery is broadly used in a wide variety of surgical procedures, and electrosurgical knives are the most common invasive surgical instruments in a cutting and hemostasis process [1] . In surgery, the surgeon controls the radio-frequency electrical energy to the blade to generate heat and cause hemostasis as tissue is cut, which easily leads the overheated tissues to pyrolysis, eschar and adhesion on the knife surface. Although electrosurgical knives have proven effective for minimizing bleeding during surgery, one problem is that the overheated tissue sticking to the blade reduces cutting efficiency and ultimately requires the replacement of the blade [2] . Traditional methods to overcoming this problem rely on simple coating technology [3] or edge shape optimization technology [4] , which are difficult to satisfy the requirements of minimally invasive medical devices.
In recent years, the surface modification of the electrosurgical knives to reduce tissue adhesion has attracted the attention [5, 6] . Zhang et al. proposed the micro/nanostructures on the knife surface, filled with biocompatible lubricating liquids (e.g. water, silicone oil, polyethylene glycol and polyethylene oxide) to reduce adhesion [5] . Lin et al. used femtosecond laser to produce micro/nanostructures on the electrode surface, which can effectively avoid tissue damage [6] . However, these methods involved the complex or expensive equipments, which limited the applications.
Inspired by the remarkable nature example of the shark skin, the excellent performances of drag reduction and antifouling induced by its distinctive surface morphology with hierarchical micro/nano-structures attracted worldwide attention [7] [8] [9] [10] , as shown in Fig.1 . Chen et al. replicated the outer surface of shark skin in a large area fabricated by a bio-replicated micro-imprinting approach and the test showed that the drag reduction and anti-fouling function of the coating surface were excellent [9] . Fu et al. fabricated the shark skin replica by the micro molding technique and improve the wettability function [10] . Because of the shark skin's functional performances of drag reduction and antifouling, we investigate and fabricate the biomimetic antiadhesion surface micro structures on the electrosurgical blades in this paper. Compared with the expensive ultrafast laser including femtosecond and picosecond laser, longpulse fiber lasers including the millisecond and microsecond laser are cheaper and widely used in the industry. So this work focused on the biomimetic anti-adhesion surface structures fabricated by the long-pulse fiber laser. [7] .
Experiment
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Materials
The experiments detailed in this paper were performed on commercially available stainless steel 316L sheets with thicknesses of 0.64 mm and electrosurgical blades made of stainless steel 316L, respectively. Before and after laser radiation, the samples were cleaned ultrasonically with acetone, ethanol and deionized water successively.
Surface laser irradiation
Hierarchical structures on the sample surface were fabricated using a SPI fiber laser (SPI-100C) system at the wavelength of 1070 nm with the pulse width of 500 μs. The sample was mounted on a computer-controlled XYZ motion platform. The laser micromachining system used in the experiment mainly includes a laser source, an optical path system, and a motion platform, as shown in Fig. 2 . During the laser processing, the surface micro-structures are fabricated directly by controlling the motion platform with the sample. The sample was irradiated by the laser beam normal to the surface, with focus spot of about 18 μm diameter. The scanning speed of 0.5∼ 5 m/min and repetition rate of 1000 Hz were used. The fluences in the range of 2000~20000 J/cm 2 were applied separately to the sample 316L sheets and electrosurgical blades. Arrays of microgrooves were directly written on the sample surface. In Fig. 1 , the surface of shark skin is composed of tiny diamond-shaped scales with small riblets aligned in the direction of fluid flow, which contributes to the drag reduction and antifouling. Similar to the distinctive surface morphology of shark skin, we built the surface structure model, shown in Fig. 3 . In the model, lots of same square scales with length L built up the surface structures and the riblets with pitch D in the direction along fluid flow cover the scale surface. According to the model, the bionic shark skin is directly written on the samples by fiber laser pulses. Fig.  4 shows a result of bionic shark skin surface fabricated by laser on stainless steel. Fig. 5 shows the depth of the grooves fabricated by the laser at the given laser power, which made up the bionic shark skins.
To find the optimal structural parameters, orthogonal experimental methods were used [11] . 9 blades with different structures (in different parameters: P, D, L) are fabricated, the structural parameters are shown in the table 1. Another smooth blade without bionic shark skin was used as a reference in the following experiments. 5 The depth of the grooves fabricated by the laser at the given laser power. Table 1 The experimental parameters of bionic shark skin.
Surface measurement and test
After different bionic shark skins were fabricated on 9 blades, the surface properties of bionic shark skins were measured and tested. At first, scanning electron microscopy (SEM, FEI Q45) and optical microscopy were used to study the surface morphology of bionic shark skins. Second, surface wettability of samples was studied by measuring the contact angle under ambient conditions. The friction coefficients of samples were measured by friction and wear testing machine under ambient conditions. At last, after the blades with bionic shark skins were tested to cut the pig's liver, the mass of adhesion tissues on the blades were weighed to study the anti-adhesion.
Results and discussion
The tissue adhesion on the blade is related to several factors, such as blade materials, blade shape, surface wettability, friction coefficients and so on. This paper mainly focuses on the effects of surface wettability and friction coefficient on the anti-adhesion performance on the commercial electrosurgical blades made of stainless steel. The effects of surface wettability and friction coefficient were analyzed and discussed separately in the following.
Surface wettability effect
The samples (9 blades with different structures in table 1) were left in air, under ambient conditions before studying their surface wettability by contact angle meter (Dataphyscs, OCA20). A 5 μL droplet of deionized water was dispensed onto the sample surface using a syringe while an image was captured by a camera combined with a 6× magnification system. The contact angle was then determined by analyzing the droplet images using the software SCA20. The contact angles on each sample were measured in several times and the average values of contact angles were obtained, shown in Fig. 6 .
In Fig. 6 , the contact angle on the smooth original sample was 68°, which is smaller than the other samples with bionic shark skin. So biomimetic shark skin can increase the contact angle of the knife surfaces and reduce the hydrophilicity. The contact angle can be increased by up to 21%.
In order to find the role of structures parameters (P, D, L) in the surface wettability, orthogonal experimental methods were used to analyze the contact angle results in Fig. 6 . Orthogonal experimental results are shown in table 2. For example, in the case of parameter P (the left column in Table 2 ), K1, K2 and K3 are defined as follow. K1, K2 and K3 are sum of the contact angles on the samples at P=15, 21 and 18 W (shown in Table 1 ), respectively. Then k1=K1/3=82.67, k2=K2/3=82.44, and k3=K3/3=81.18. At last, RP= range of (k1, k2, k3) =1.49. Similarly, RD= range of (k1, k2, k3) =0.22 for parameter D; RL= range of (k1, k2, k3) =2.69 for parameter L. From table 2, RL> RP> RD, implying that structural parameters affecting wettability are as following: Scale length (L)> Laser power (P)> Riblets pitch (D). So the macro structures with scale length L play the most important role in surface wettability.
The mechanism of surface structures affecting the contact angle can be explained by Cassie-Baxter model [12] :
(1) where θ* is the apparent contact angle which corresponds to the stable equilibrium state, θY is the Young contact angle as defined for an ideal surface, rf is the roughness ratio of the wet surface area and f is the fraction of solid surface area wet by the liquid. The structural parameters (P, D, L) of bionic shark skin change rf and f in the Cassie-Baxter model, resulting in the increased contact angle. 
Friction test
To study the friction effect on the anti-adhesion performance, the friction coefficients between the blade surfaces and pig's liver slices were measured using the vertical universal friction and wear testing machine (MMW-1). In the machine, the pig's liver was cut to the disc-shaped slice with the diameter of ø45mm and thickness of 2mm, which was fixed on a metal substrate. The blade tip was cut into the rectangular bar of 5mm length, that was fixed on a pin in the machine. In the friction test, the pressure force between blade surface and liver slice is set to 10N, and rotation speed of the blade tip on the liver slice is set to 10 r/min. The friction experiments were carried out at room temperature under ambient conditions. The friction coefficient of each sample was measured at least 3 times to obtain the average value as the result. The friction coefficients of all the blades with bionic shark skins in table 1 were  shown in table 3 . Table 3 Friction coefficients of samples with bionic shark skins.
From table 3, No. 9 sample has the smallest friction coefficient among all the samples, however, the friction coefficient of smooth blade surface without bionic shark skin is 0.2558. So bionic shark skin can effectively reduce friction coefficient, and the friction coefficient was reduced by 21.88%.
The friction results were also analyzed by orthogonal experimental analysis. The orthogonal experiment results of friction test are shown in table 4. It can be seen that the impact factors on friction coefficient of bionic shark skins are as follows: riblets pitch (D)> Laser power (P)> Scale length (L). This result implies that the micro riblet structures play the most important role in the friction effect. 
Anti-adhesion test
Finally, fresh liver was cut by electrosurgical knives with bionic shark skins to test the anti-adhesion effect by weighing the adhesive tissue mass on the blades. In the test, cutting speed is 1000 mm/min and cutting depth is 12 mm. The temperature of electrosurgical knives was kept to 250°C±10°C during the cutting process. After cutting, liver tissue adhesion on the blades were shown in Fig. 7 , where Fig. 7(a) shows tissue adhesion on the original blade while Fig. 7(b) shows tissue adhesion on the blade with bionic shark skin, indicating more tissue adhesion on the original blade. After cutting, electrosurgical knife was cleaned to remove the adhesive tissues. For each electrosurgical knife, cutting experiments were repeated at least 3 times and the average mass of adhesive tissue on the blades with bionic shark skins in table 1 were obtained and shown in table 5 . As a reference, the average mass of adhesive tissue on the original knife without bionic shark skin is 2.78 mg. From table 5, we can conclude that the bionic shark skin can effectively reduce the adhesion of liver tissue and the adhesion mass can be reduced by maximum 16.91%. The anti-adhesion experimental results were also analyzed by orthogonal experimental analysis. The orthogonal experiment results of adhesion test are shown in table 6. It can be seen that the impact factors affecting the adhesion are as follows: riblets pitch (D)> Laser power (P)> Scale length (L). This result implies that the micro riblet structures also play the most important role in the anti-adhesion performance.
Compared with the results of friction test, the optimal structural parameters and impact factors of adhesion test were consistent. So it is suggested that friction plays a major role in anti-adhesion. Considering surface wettability effect, tissue adhesion decreases with increasing contact angle in the certain range. In total, the smaller friction coef- ficient and the greater contact angle, resulting in less adhesion. 
Conclusions
In order to minimize the tissue adhesion on the electrosurgical knife during a cutting and hemostasis process, we investigated and fabricated the anti-adhesion microstructures on the blade by fiber laser, inspired by shark skin. 9 blades with different bionic shark skins were fabricated and orthogonal experimental methods were used to find the optimal structural parameters.
The tissue adhesion on the commercial electrosurgical blade made of stainless steel is related to surface wettability and friction coefficient. The surface wettability of samples was studied by measuring the contact angle and experimental results showed that biomimetic shark skin can increase the contact angle and reduce the hydrophilicity. The contact angle can be increased by up to 21%. Orthogonal experimental results implied that the macro structures with scale length L play the most important role in surface wettability.
The friction coefficients of samples were measured by friction and wear testing machine. Friction test results showed that bionic shark skin can effectively reduce friction coefficient and friction coefficient was reduced by 21.88%. Orthogonal experiment results implied that the micro riblet structures play the most important role in the friction effect.
Finally, fresh liver was cut by electrosurgical knives with bionic shark skins to test the anti-adhesion effect by weighing the adhesive tissue mass on the blades by a balance. Orthogonal experiment result implied that the micro riblet structures also play the most important role in the anti-adhesion performance, consistent with the results of friction test, which meant that friction plays a major role in anti-adhesion. Adhesion test results showed that the bionic shark skin can effectively reduce the adhesion of liver tissue and the adhesion mass can be reduced by maximum 16.91%.
